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Summary 
Reactive oxygen species are an important element of redox 
regulation in cells and tissues. During physiological processes, 
molecules undergo chemical changes caused by reduction and 
oxidation reactions. Free radicals are involved in interactions with 
other molecules, leading to oxidative stress. Oxidative stress works 
two ways depending on the levels of oxidizing agents and 
products. Excessive action of oxidizing agents damages 
biomolecules, while a moderate physiological level of oxidative 
stress (oxidative eustress) is necessary to control life processes 
through redox signaling required for normal cellular operation. High 
levels of reactive oxygen species (ROS) mediate pathological 
changes. Oxidative stress helps to regulate cellular phenotypes in 
physiological and pathological conditions. Nrf2 (nuclear factor 
erythroid 2-related factor 2, NFE2L2) transcription factor functions 
as a target nuclear receptor against oxidative stress and is a key 
factor in redox regulation in hypertension and cardiovascular 
disease. Nrf2 mediates transcriptional regulation of a variety of 
target genes. The Keap1-Nrf2-ARE system regulates many 
detoxification and antioxidant enzymes in cells after the exposure 
to reactive oxygen species and electrophiles. Activation of Nrf2/ARE 
signaling is differentially regulated during acute and chronic stress. 
Keap1 normally maintains Nrf2 in the cytosol and stimulates its 
degradation through ubiquitination. During acute oxidative stress, 
oxidized molecules modify the interaction of Nrf2 and Keap1, when 
Nrf2 is released from the cytoplasm into the nucleus where it binds 

to the antioxidant response element (ARE). This triggers the 
expression of antioxidant and detoxification genes. The 
consequence of long-term chronic oxidative stress is activation of 
glycogen synthase kinase 3β (GSK-3β) inhibiting Nrf2 activity and 
function. PPARγ (peroxisome proliferator-activated receptor 
gamma) is a nuclear receptor playing an important role in the 
management of cardiovascular diseases, hypertension and 
metabolic syndrome. PPARγ targeting of genes with peroxisome 
proliferator response element (PPRE) has led to the identification of 
several genes involved in lipid metabolism or oxidative stress. 
PPARγ stimulation is triggered by endogenous and exogenous 
ligands – agonists and it is involved in the activation of several 
cellular signaling pathways involved in oxidative stress response, 
such as the PI3K/Akt/NOS pathway. Nrf2 and PPARγ are linked 
together with their several activators and Nrf2/ARE and 
PPARγ/PPRE pathways can control several types of diseases. 
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Oxidative stress and redox status in 
physiological and pathological processes 
 

Oxidative stress works two ways depending on 
the levels of oxidizing agents and products. The double-
edged tool of oxidative stress helps to regulate cellular 
phenotypes in physiological and pathological conditions. 
Maintenance of homeostasis requires a low level of 
oxidants – the oxidative eustress – that is essential for the 
control of life processes by means of redox signaling 
(Sies et al. 2017). High production of reactive oxygen 
species (ROS) is associated with induction of apoptosis 
and/or necrosis, while lower ROS levels are associated 
with activation of a transcription factor – nuclear factor 
erythroid 2-related factor 2 (Nrf2). Radical formation is 
modified by antioxidant and detoxification responses 
(Majzunova et al. 2013). Oxidative stress has both 
physiological and pathophysiological manifestations. 
A massive increase of ROS concentrations causes 
damage of biomolecules (lipids, proteins and DNA) and 
has been linked to a variety of pathologies. On the other 
hand, ROS produced by moderate oxidative stress take 
part in the activation of intracellular signaling pathways 
important for normal physiological functions (Schieber 
and Chandel 2014). 

The redox status could be defined as the balance 
between oxidants and antioxidants, where oxidants 
include intracellularly produced free radicals and other 
reactive oxygen species. ROS are byproducts of aerobic 
metabolism and they are predominantly produced by 
NADPH oxidases, mitochondria, xanthine oxidase, and 
uncoupled endothelial nitric oxide synthase (uncoupled 
eNOS) (Touyz 2005). Physiologically, they are produced 
in controlled manner and play an important role in cell 
signaling (Schieber and Chandel 2014). ROS are free 
radicals, are highly reactive and can attack 
biomacromolecules. That could lead to a change or a loss 
of their physiological functions (changed protein-protein 
interaction, modulation of gene expression via nuclear 
factor activation/deactivation, etc.). ROS include 
superoxide anion (O2

•−), hydrogen peroxide (H2O2), and 
hydroxyl radicals (•OH), perhydroxyl radical (HOO•), 
alkoxyl radical (RO•), and peroxyl radical (ROO•) (Wang 
and Jiao 2000). 

In normal cellular metabolism, ROS are 
produced by various sources in different cellular 
compartments. In equilibrium state of ROS, physiological 
state of the cells is maintained without disturbing the 
physiological homeostasis (oxidative eustress). Normal 

metabolism and functions maintaining steady state 
require a low level of oxidants that is essential for the 
control of life processes by means of redox signaling 
(Sies et al. 2017). Oxidative stress could be generated 
endogenously (cell metabolism) and exogenously 
(exposome). In oxidative distress, excess ROS create 
pathophysiological alterations in cells (such as damage of 
membrane biomolecules and DNA) and can contribute to 
disease development (Sies and Jones 2020). Oxidative 
stress mediated by increased ROS production induces 
imbalance of redox pathways followed by oxidative 
damage. This is a key factor in the pathophysiology of 
several acute and chronic diseases. In particular, 
pathophysiological manifestations of cardiovascular 
diseases (such as hypertension, heart failure, 
atherosclerosis, cardiac hypertrophy, diabetes, etc.) are 
triggered by oxidative stress (Dovinova et al. 2015a).  
In hypertension, increased neurohumoral stimulation of 
the renin-angiotensin system leads, through binding of 
angiotensin II on the AT1 receptor, to the stimulation of 
NADPH oxidase. High ROS production is associated 
with induction of apoptosis and/or necrosis, while lower 
ROS levels induce activation of the Nrf2 transcription 
factor pathway modified by antioxidant and detoxication 
response (Majzunova et al. 2013). 
 
The renin-angiotensin system, production of 
ROS, nitric oxide synthase and superoxide 
dismutase are associated with the 
development or improvement of hypertension 
and cardiovascular diseases 
 
The renin-angiotensin system (RAS) 

Intracellular signaling pathways work in several 
active organs such as liver, kidney, lungs, hypothalamus 
or heart. Individual proteins of the RAS signaling 
pathway are expressed in several tissues: angiotensinogen 
is produced in the liver while renin is produced in the 
kidney. Angiotensin I (AngI) is converted to angio-
tensin II (AngII) in the lungs, vessels and heart under the 
catalytic action of the angiotensin-converting enzyme 
(ACE). AngII activates the cell membrane AT1 receptor 
(AT1R) which, through the G-protein, activates NADPH 
oxidase, which in turn increases ROS production and 
vasoconstriction. In ACE2 activation, AngII can activate 
the AT2 receptor (AT2R) with ensuing effects on 
NO synthase, vasodilatation and ROS decrease. Reactive 
oxygen species and changes in radical production can 
break down redox-sensitive signaling and play  
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an important role in the development of cardiovascular 
diseases and hypertension (Fig. 1). 

Activation of circulating and local RAS 
components is involved in the cardiovascular disorders 
associated with systolic and diastolic myocardial 
dysfunction. Increased RAS activation and AngII 
production leads to an imbalance of redox pathways and 
to the activation of ROS-producing sources (Majzunova 
et al. 2017, Wu et al. 2014, Dovinova et al. 2013). 
Increased ROS production in the liver, kidney and the 
heart can be a result of several conditions leading to 
excess activation of NADPH oxidase and can lead to 
cardiovascular disease and hypertension. On the other 
hand, AngII could activate AngII receptor type 2 (AT2R). 
This activation acts against AT1R and plays an important 
role especially in the prenatal period, when AT2R 
activation has antiproliferatory effect and could result in 
increased expression and/or activation of NOS 
(Kvandova et al. 2016). 
 
 

 
 
Fig. 1. The renin-angiotensin system in cardiovascular diseases 
and hypertension. 
 
 
ROS production, NOS and SOD protein expression and 
enzyme activities 

The activation of angiotensin II (AngII) receptor 
type 1 (AT1R) by binding of AngII leads to the 
stimulation of NADPH oxidase, which results in 

increased ROS production that follows the G protein-
coupled receptor (GPCR) activation (Ushio-Fukai 2009). 
Many enzyme systems, including among others the 
NADPH oxidase, mitochondrial respiratory chain, and 
uncoupled nitric oxide synthase, have the potential to 
generate reactive oxygen species. ROS activate PI3K/Akt 
signaling via oxidation and phosphorylation, which is 
a negative regulator of PI3K signaling (Wu et al. 2013). 

The therapy of hypertension and cardiovascular 
disease can include modulation of antioxidant responses 
by (i) modulation of NO bioavailability through 
administration of NO; (ii) stimulation of NOS activities 
by agonists or by the NOS gene incorporation;  
(iii) scavenging of ROS such as superoxide; or  
(iv) activation of antioxidant gene expression (Dovinova 
et al. 2009). Body NO is replenished from exogenous 
sources because diet is important for the nitrate/nitrite 
supply, and from endogenous cellular sources due to 
enzymatic NO production by the various nitric oxide 
synthases (NOS) using oxygen and L‐arginine as 
substrates, and the co-factor BH₄. Two isoforms of NOS, 
the endothelial NOS (eNOS, NOS3) and the neuronal 
NOS (nNOS, NOS1), are present in the healthy heart. 
When BH4 levels are reduced, the catalytic activity leads 
to NOS uncoupling and the reaction of NO with 
superoxide to produce peroxynitrite (ONOO−) (Crabtree 
and Channon 2011, Andreadou et al. 2020). 

The activated phosphorylation pathways 
(PI3K/Akt) activate transcription factors such as the 
nuclear factor kappa B (NF-κB) and the Nrf2, which 
stimulate transcription of genes after moving into the 
nucleus. Activation of the transcription NF-κB signaling 
pathway may be associated with the development of 
cardiac hypertrophy, heart failure and hypertension. 
Proteins encoded by these target genes in turn mediate 
cellular consequences leading to changes in the 
phenotypes, such as hypertrophy, inflammation or 
hypertension. Activation of Nrf2 stimulates the 
production of antioxidants involved in antioxidant 
defense (Balakumar and Jagadeesh 2010, Finkel 2011) 
(Fig. 2). 

Superoxide dismutases (cytosolic SOD1, 
mitochondrial SOD2, and extracellular SOD3) are 
ubiquitous enzymes that operate in the presence of ROS. 
They catalyze the conversion of superoxide into oxygen 
and hydrogen peroxide. Superoxide anions are the 
intended product of dedicated signaling enzymes as well 
as the byproduct of several metabolic processes including 
mitochondrial respiration. Through their activity, SOD 
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enzymes control the levels of a variety of reactive oxygen 
and nitrogen species, thus limiting both the potential 
toxicity of these molecules and controlling broad aspects 
of cellular life that are regulated by their signaling 
functions. All aerobic organisms have multiple SOD 
forms occupying different cellular and subcellular 

locations, reflecting the slow diffusion and multiple 
sources of their substrate – superoxide. This 
compartmentalization also points to the need for fine 
local control of ROS signaling and to the possibility for 
ROS to signal between compartments (Wang et al. 2018). 
 

 
 

 
 
Fig. 2. Redox signaling in cardiovascular diseases and hypertension: neutralization of ROS by Nrf2 antioxidant response. 
 
 
Nrf2 and PPARγ effects and activation in 
cardiovascular diseases and hypertension 
 

An important role in cardiovascular damage is 
played by oxidative stress triggered by an increase in 
ROS levels. ROS production is strictly regulated. 
Organisms defend against oxidative stress development 
by antioxidant and detoxification response, which are 
activating via transcription factor – nuclear factor 
erythroid 2-related factor 2 (Nrf2). Another prominent 
regulator of antioxidant signaling pathways that is 
positively associated with Nrf2 regulation is nuclear 
receptor and nutritional factor – peroxisome proliferator-
activated receptor gamma (PPARγ). PPARγ agonists play 
an important role in cardiovascular diseases and 
hypertension (Kvandova et al. 2016). 

The role of Nrf2 in hypertension and cardiovascular 
diseases 

Nrf2 is a key transcription factor affecting 
antioxidant response and oxidative stress development. 
Functionally, Nrf2 is linked to cytoprotection in low-
grade stress, chronic inflammation, metabolic alterations, 
and ROS formation. Nrf2 is therefore an effective 
therapeutic target for chronic diseases (Cuadrado et al. 
2018). It represents an innovative approach to therapeutic 
intervention in several cardiovascular diseases 
(hypertension, cardiac hypertrophy, cardiomyopathies) 
(Chan and Chan 2014, Barancik et al. 2016). 

Pharmacologically, Nrf2 can be activated by 
sulforaphane, dimethyl fumarate, bardoxolone methyl and 
even registered drugs such as metformin and statins 
(Cuadrado et al. 2018). The most successful 
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Nrf2 activators are the fumaric acid ester dimethyl 
fumarate (DMF) as well as several natural compounds 
designated as electrophilic Nrf2 inducers, including 
sulforaphane, curcumin, resveratrol, and quercetin 
(Robledinos-Anton et al. 2019). Sulforaphane (SFN), an 
isothiocyanate found in cruciferous vegetables, has been 

successfully used for the treatment of patients with type II 
diabetes mellitus (Axelsson et al. 2017). Activation of the 
Nrf2/ARE pathway reestablishes redox homeostasis and 
mediates cytoprotection against numerous pathologies by 
induction of cellular antioxidant and detoxification 
defenses (Kanninen et al. 2011, Tain et al. 2019) (Fig. 3). 

 

 

 
Fig. 3. Crosstalk between Nrf2 and 
PPARγ pathways against oxidative 
stress. 
 
 
 
 
 
 
 
 
 
 
 

 
 

Nrf2 regulation is essential to maintain 
homeostasis of cellular function and to inhibit the 
progression of several pathological states including heart 
diseases. The cardiovascular system is mostly affected by 
ROS. Disturbed redox homeostasis results in increased 
oxidative stress and reduction of antioxidant enzymes in 
the heart. These disturbances are associated with poor 
cardiac contractility and Ca2+ instability by reduced 
sarco-endoplasmic reticulum Ca2+-ATPase (SERCA2a) 
activity (Farkhondeha et al. 2020). Calcium is a central 
messenger that plays important roles in cellular functions 
such as proliferation, contractility, protein folding, and 
apoptosis. Ca2+ dysregulation is associated with 
numerous disorders including cardiovascular and 
muscular diseases, and multidrug-resistant cancers (Bian 
et al. 2016). 

Nrf2 is involved in redox-sensitive regulation of 
gene transcription and antioxidant responses and 
participates in radical homeostasis (Majzunova et al. 
2013). Regulation of the Nrf2→Keap1→ARE pathway 

appears to depend on the duration and intensity of 
oxidative stress (Nguyen et al. 2009). The 
phosphoinositide 3-kinase /Akt kinase (PI3K/Akt), whose 
function is manifested in acute stress, plays an essential 
role in regulating the Nrf2 pathway-dependent protection 
(Wang et al. 2009). Activation of antioxidant and 
detoxificant response is the main way of eliminating ROS 
and is performed via activation of the Keap1-Nrf2-ARE 
pathway. It involves the regulation of transcription of 
more than 200 cytoprotective genes. Here, an important 
role is played by stimulation of expression of several 
antioxidant genes, such as superoxide dismutase (SOD), 
glutathione peroxidase (GPX), heme oxygenase 1 (HO-1) 
and the phase-II detoxification proteins – NAD(P)H 
quinone dehydrogenase 1 (NQO1), glutathione-S-
transferase (GST), uridine 5'-diphosphoglucuronosyl-
transferase (UGT) and sulfotransferases (SULT) by 
binding to ARE (Pall and Levine 2015, Lee 2017). 

During episodes of prolonged oxidative stress, 
Nrf2 function is associated with the activation of 
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glycogen synthase kinase 3β (GSK-3β). Activation of this 
enzyme during long-term oxidative stress leads, through 
phosphorylation of threonine residues of Fyn kinases, to 
downregulation of Nrf2 activity. This is associated with 
regulation of cytoplasmic localization and degradation of 
Nrf2 by ubiquitination. GSK-3β acts through 
phosphorylation of threonine residues of Fyn kinases, 
which then translocate into the nucleus. Fyn kinase-
mediated phosphorylation of Nrf2 at tyrosine results in 
export of Nrf2 out of the nucleus to cytoplasm where 
Nrf2 is exposed to degradation. This GSK-3β-induced 
regulation of Nrf2 ubiquitination and proteasome 
degradation is independent of Keap1 and results in 
a decrease or arrest of the antioxidant and detoxification 
response (Harrison and Gongora 2009). 

Therapy by Lycopene can effectively ameliorate 
the oxidative stress via activation of the Nrf2/HO-1 
pathway. It can recover the decreased antioxidant 
capacity, promote cell proliferation, inhibit apoptosis and 
alleviate the D-galactose-induced mitochondrial 
dysfunction (Liu et al. 2018). 
 
The role of PPARγ in hypertension and cardiovascular 
diseases 

The peroxisome proliferator-activated receptor 
gamma – PPARγ – is another important ligand-dependent 
nuclear receptor. PPARγ is expressed in the adipose 
tissue, kidney, brain, and blood vessels, and it is activated 
by exogenous and endogenous agonists. PPARγ is 
strongly involved in cellular signaling. It forms 
a heterodimer with the retinoid X receptor (RXR), which 
binds to the peroxisome proliferator response element 
(PPRE) in the promoter region of PPAR target genes 
(Fig. 3) (Kvandova et al. 2016, Kvandova et al. 2018). 

PPARγ serves as a potential target in the 
treatment of metabolic syndrome, cardiovascular disease 
and hypertension (Dovinova et al. 2013, Wu et al. 2014). 
It can modulate several signaling pathways – the redox 
homeostasis signaling pathways through Nrf2, the 
RAS cascade and the PI3/Akt/NOS pathway (Kvandova 
et al. 2016). Expression is stimulated by coactivators and 
corepressors with improvement of insulin sensitivity, 
modulated metabolism of lipids and inflammatory 
response. PPARγ improves insulin sensitivity,  
modulates metabolism of lipids and inflammatory 
response and improves blood pressure regulation: 
PI3K→Akt→eNOS→NO (Polvani et al. 2012). 

Endothelial NO synthase (eNOS) deficiency due 
to endothelial cell dysfunction plays an important role in 

the pathophysiology of cardiovascular disease 
(hypertension, atherosclerosis) as well as in renal 
impairment (Nakagawa et al. 2011). Activation of PPARγ 
by exogenous agonists such as the thiazolidines 
pioglitazone and tideglusib and endogenous agonists has 
a potential role in blood pressure regulation in 
experimental models of neurogenic hypertension and 
metabolic syndrome (Wu et al. 2014, Kvandova et al. 
2018, Armagan et al. 2019). 

PPARγ forms a heterodimer with the retinoid 
X receptor (RXR), which binds to the peroxisome 
proliferator response element (PPRE) in the promoter 
region of PPARs target genes. RXRs are important 
players in the cellular regulatory machinery. They form 
heterodimers in the presence of several diverse nuclear 
receptors, playing a role of ligand-inducible transcription 
factors. In general, nuclear receptors are ligand-activated, 
transcription-modulating proteins affecting transcriptional 
responses in target genes. The RXRs forming permissive 
heterodimers with disparate nuclear receptors comprise 
peroxisome proliferator-activated receptors (PPARs) 
(Tain et al. 2016, Brtko and Dvorak 2020) (Fig. 3). 

Previous results indicate that PPARγ is a key 
regulatory factor for fat differentiation, which plays a key 
regulatory role in the direction of differentiation in bone 
marrow stem cells (Roh et al. 2012). The PPARγ agonist 
pioglitazone affects hypertension, cholesterol and 
triglyceride levels in young spontaneously hypertensive 
rats (SHR) (Kvandova et al. 2018). Under oxidative 
stress, the PPARγ nuclear receptor directly regulates 
a number of genes involved in oxidative stress,  
anti-inflammatory responses and transrepression of  
NF-κB. Activation of PPARγ by the agonists pioglitazone 
(PIO) or tideglusib (TDG) is associated with the 
Nrf2 transcription factor of redox regulation producing 
antioxidant and detoxification responses under oxidative 
stress (Tain et al. 2016, Barancik et al. 2016). In the renal 
signaling of young hypertensive laboratory rats, 
a connection between PPARγ and Nrf2 with antioxidant 
responses of superoxide dismutase (SOD1-3) was 
observed. Nrf2 also activated detoxification outputs 
(NQO1, HO-1), which improved in young borderline 
hypertensive rats (BHR) (Gresova et al. 2019). 

Activation of PPARγ by the PPARγ agonist 
tideglusib works as GSK-3β inhibitor, affects and 
improves Nrf2 redox regulation, blood pressure and 
NO biovailability. Cardiac tissues from TDG-PPARγ 
mice with overexpressed PPARγ receptor, human 
cardiomyocytes overexpressing PPARγ (line AC16 cells), 
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and primary cardiomyocytes treated with a PPARγ 
agonist were used to evaluate the expression of cardiac 
calcium regulatory proteins including sarcoplasmic 
reticulum Ca2+-ATPase. The expression of calcium 
regulatory proteins was higher in the cell lines mentioned 
above than in the control group (Xie et al. 2016). 
 
Connection between Nrf2 and PPARγ in hypertension 
and cardiovascular diseases 

Activation of circulating and local renin-
angiotensin system components is involved in 
cardiovascular disorders associated with systolic and 
diastolic myocardial dysfunction. Increased angiotensin II 
production and RAS activation lead to an imbalance of 
redox pathways and to the activation of ROS-producing 
radical sources of NADPH oxidases observed in models 
of hypertension and metabolic syndrome (Dovinova et al. 
2013, Majzunova et al. 2017, Wu et al. 2014). Oxidative 
stress induced by elevated levels of superoxide generated 
by NADPH oxidase in the brain has been shown to be 
associated with neurogenic hypertension (Tsai et al. 
2013). 

The Nrf2 transcription factor is a regulatory 
protein modulating redox homeostasis, with positive 
effect on cardiovascular system (Calabrese et al. 2012, 
Barancik et al. 2016, Armagan et al. 2019). It turns out 
that oxidative stress, depending on duration and intensity, 
leads to a different activation of the Keap1/Nrf2/ARE 
pathway (Salazar et al. 2006, Wang et al. 2008, Nguyen 
et al. 2009). Activation of PPARγ affects the regulation 
of neurogenic hypertension in SHR (Chan et al. 2010) 
and positively correlates with Nrf2 (Kvandova et al. 
2016). The two transcription factors, Nrf2 and PPARγ, 
have been shown to play key roles in establishing this 
cellular antioxidative defense system (Fig. 3). Recently, 
several researchers have reported ameliorating effects of 
pharmacological activators of Nrf2 and PPARγ nuclear 
factors on the progression of various metabolic disorders 
and drug-induced organ injuries by oxidative stress  
(Lee 2017). 
 
Improvement of cardiovascular, metabolic 
and hypertensive model diseases by 
activation of Nrf2 and PPARγ 
 
Cardiovascular doxorubicin damage and quercetin 
therapy by Nrf2 activation 

Doxorubicin (DOX) is a potent and widely used 
chemotherapeutic agent. It causes irreversible heart 
failure by increasing oxidative stress, which limits its 

clinical utility (Sharma et al. 2020). Doxorubicin 
suppresses the growth and invasiveness of tumors but 
triggers serious side effects in the heart and blood 
pressure. The onset of hypertension and heart damage 
were observed in Wistar rats after DOX treatment.  
DOX also increases superoxide levels and inhibits 
antioxidant activities of SOD and decreases the total 
antioxidant status (TAS) (Ivanova et al. 2012). 

Nrf2 is a master regulator of oxidative stress 
signaling. It is a transcription factor that controls basal 
and inducible expression of antioxidant genes and other 
cytoprotective phase II detoxifying enzymes that are 
ubiquitously expressed in the cardiovascular system 
(Barancik et al. 2016). Quercetin is a flavonoid that 
possesses various biological functions including anti-
oxidative and radical-scavenging activities. It also 
improves antioxidant activities of SOD. Quercetin 
increased Nrf2 and reduced histological abnormalities in 
DOX-treated animals compared to their controls. 
Quercetin protected against DOX-induced cardio-
myopathy by increasing Nrf2 expression and thereby 
increasing antioxidant defense and reducing biochemical 
and histological abnormalities (Sharma et al. 2020). 
Quercetin improved blood pressure and heart function in 
doxorubicin-treated rats and prevents doxorubicin-
induced matrix metalloproteinase-2 activation and 
induction of apoptosis in rat hearts (Bartekova et al. 
2015, Dovinova et al. 2015b). 

The effect of quercetin, which reversed  
DOX-induced effects on blood pressure and heart rate, is 
shown in Figures 4A and 4B, whereas the improvement 
of SOD activity and SOD2 protein levels is depicted in 
Figures 4C and 4D. 
 
Metabolic syndrome with hypertension and the therapy 
with PPARγ activation by the agonist pioglitazone 

Hypertension is an important component of the 
metabolic syndrome (MetS). Recently, MetS was also 
associated with oxidative stress in the brain rostral 
ventrolateral medulla (RVLM). In RVLM, where 
sympathetic premotor neurons reside, the oxidative stress 
contributes to sympathoexcitation and hypertension (Wu 
et al. 2014). PPARγ is expressed in the kidney which is 
involved in blood pressure control. Current experimental 
studies on early intervention by PPAR modulators aimed 
to prevent programmed hypertension and metabolic 
syndrome in a maternal high-fructose model. Indeed, 
animal studies employing a reprogramming strategy via 
targeting PPARs to prevent hypertension have 
demonstrated interesting results (Tain et al. 2015). 
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Fig. 4. Improvement of doxorubicin-
induced cardiovascular damage by 
a therapy based on Nrf2 activation by 
quercetin. Blood pressure (A), heart 
rate (B), SOD activity (C), SOD-2 
protein levels (D). DOX – doxorubicin, 
Q – quercetin. Adapted from 
Bartekova et al. (2015) and Dovinova 
et al. (2015b). 
 
 
 

 
 

In RVLM of MetS rats, the tissue level of 
reactive oxygen species and oxidative stress was 
increased, nitric oxide was decreased, and mitochondrial 
electron transport capacity was reduced. Protein 
expression of neuronal NO synthase (nNOS) or protein 
inhibitor of nNOS was increased, the ratio of nNOS 
dimer/monomer was significantly decreased. In RVLM of 
rats on high-fructose diet, blood pressure was found to 
increase, simulating hypertension in metabolic syndrome. 
Oral intake of PPARγ agonist pioglitazone (PIO) 
significantly abrogated all those molecular events in high-
fructose diet-fed rats and ameliorated sympathoexcitation 

and hypertension. Substantial decrease in mean arterial 
pressure was elicited by pioglitazone treatment in rats fed 
high-fructose diet (HFD) in which severe hypertension 
developed. Metabolic syndrome and hypertension 
deactivated nNOS in redox-sensitive nNOS uncoupling 
through high increase of oxidative stress in the RVLM 
(Wu et al. 2014). 

The therapy by PPARγ agonist pioglitazone 
decreased MetS-related hypertension, improved oxidative 
stress and nNOS decoupling from monomer to dimer. 
Decreased NOS activity was restored after pioglitazone 
treatment (Fig. 5A-D). 

 

 

 
Fig. 5. Improvement of hypertension 
(A), oxidative stress (B), conversion 
of monomeric nNOS (C) and NOS 
activity (D) in metabolic syndrome by 
therapy with PPARγ agonist 
pioglitazone (PIO). Arrow indicates the 
onset of PIO treatment. Control – 
normal diet, HFD – high-fructose diet, 
HFD+pioglitazone – high-fructose diet 
and pioglitazone. Adapted from Wu et 
al. (2014). 
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Hypertension models with PPARγ and Nrf2 
therapy 
 

The PPARγ receptor plays an important role in 
oxidative stress response. Administration of PPARγ 
agonist pioglitazone significantly slowed down blood 
pressure increase and improved lipid profile and aortic 
relaxation after insulin stimulation. An increase in 
PPARγ expression was found predominantly in the 
brainstem, vascular tissue and liver. The treatment with 
PIO differentially also affected the levels of intracellular 
signaling components – Akt kinase level was increased 
and β-catenin level was downregulated in the brainstem. 
The lowering of blood pressure in young SHR can be 
connected to insulin sensitivity of blood vessels.  
β-catenin and SOD levels are important agents mediating 
PIO effects in the brainstem and the left ventricle 
(Dovinova et al. 2013). Connections between PPARγ and 
Nrf2, Nrf2-activated antioxidant response (SOD1-3) and 
detoxificant response (NQO1, HO-1) were observed in 
renal signaling of young but not adult BHR (Gresova  
et al. 2019). 

Pioglitazone treatment affected redox regulation 
in young hypertensive animals – BHR and SHR – 
decreased blood pressure in BHR and slowed down the 
development of hypertension in young SHR. The 
activation by PPARγ correlated with increase in gene and 

protein expression of NOS isoforms and in total enzyme 
activity in both BHR and SHR. 

In the AT1R/Nox pathway pioglitazone 
treatment did not significantly influence mRNA 
expression of the p22phox subunit of NADPH oxidase 
(Nox) and AT1R but upregulated the vasodilatory Mas 
and AT2R receptors in both BHR and SHR groups. 
Improvement of NO availability, increase of AT2R and 
Mas receptors, and restoration of aberrant redox 
regulation are thought to be the major correlated 
mechanisms mediating BP decrease affected by the 
PPARγ agonist treatment. In SHR pioglitazone-to-control 
ratio for gene expression ranged from 10 % to 230 %. 
The largest effect of treatment with PPARγ agonist 
pioglitazone has been observed on the expression of 
SOD1, SOD3 and the Mas receptor gene. The most 
prominent differences between BHR and SHR were 
observed in SOD1 and Mas receptor expressions, with 
large effects of opposite sign in BHR versus SHR. 
Responses to PPARγ-dependent activation of Nrf2 have 
been primarily found in the kidney of young hypertensive 
animals (Kvandova et al. 2018). 

PPARγ and Nrf2 adjust blood pressure in 
hypertensive animals – BHR and SHR. Pioglitazone 
therapy also modified redox homeostasis via Nrf2 
activation, which increased the effect of SOD and NOS 
activity after PPARγ therapy (Fig. 6A-F). 

 
 

 

 
 
Fig. 6. Effect of pioglitazone therapy 
on blood pressure (A, B), on PPARγ 
and Nrf2 expression (C, D) and on 
NOS and SOD activities (E, F) as 
affected by PPARγ and Nrf2 activation 
in BHR and SHR animals. Adapted 
from Kvandova et al. (2018). 
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Conclusions 
 

Disruption of redox homeostasis leads to aberrant 
cell signaling, and damage to biomolecules, which is 
associated with human cardiovascular pathologies. 
Aberrant redox regulation is a characteristic manifestation 
of chronic pathological changes of the myocardium and 
hypertension. This impaired redox balance and regulation 
in cardiovascular disease can be corrected by activating the 

Nrf2 transcription factor and the PPARγ nuclear receptor. 
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